Background: Surgical site infections (SSIs) are the leading cause of hospital-acquired infections and are associated with substantial health care costs, with increased morbidity and death. The Surgical Care Improvement Project (SCIP) contains standards that are nationally reported with the aim of improving patient outcomes after surgery. Our institution's standards for antimicrobial prophylaxis in the perioperative period are more stringent than these measures and may be considered ''beyond SCIP.'' The 4 elements of appropriate antimicrobial prophylaxis are timing, antibiotic selection, dosing, and intraoperative redosing. Objective: To quantify antimicrobial SSI prophylaxis compliance in accordance with institutional standards and to identify potential opportunities for improvement. Methods: Patients aged 18 years or older were included if they had an SSI between January 1, 2009, and June 30, 2010, according to the database maintained prospectively by the Infection Prevention and Control Unit. Adherence to our institution's practice standards was assessed through analysis of antibiotics administered-timing in relation to the incision, closure, and tourniquet inflation times for the procedure and antibiotic selection, dose, and redosing. Results: Overall noncompliance with all 4 elements of antimicrobial prophylaxis was 75.4% among the 760 cases. Repeat dosing had the greatest noncompliance (45.1%); antibiotic selection had the lowest incidence of noncompliance (10.8%). Conclusions: Noncompliance existed in each element of antimicrobial SSI prophylaxis, with antibiotic redosing leading in noncompliance. With the implementation of tools to assist the surgical team in following institutional standards, noncompliance will likely decline and additional research opportunities will exist.
S urgical site infections (SSIs) are the second leading cause of hospital-acquired infections, with approximately 500,000 infections per year in the United States. 1, 2 A 1999 analysis estimated that SSIs are linked to approximately 20,000 in-hospital deaths each year and may account for $1 billion to $10 billion in US health care costs. 3, 4 In addition, considerable patient morbidity can occur, including declines in mental health, functional status, productivity, and quality of life. 4 A bundle of interventions has been shown to be the most effective means of reducing surgical complications, and antibiotic prophylaxis is an important component in the reduction of SSIs. 5 Studies conducted as early as 1961 have shown that wounds contaminated with Staphylococcus aureus were indistinguishable from those without microbial contamination after antibiotic administration before surgical incision. 6 In response to the substantial impact these infections may have on patient morbidity, death, and health care costs, national quality measures have been implemented to improve patient outcomes.
The Centers for Medicare and Medicaid Services has implemented the Surgical Infection Prevention (SIP) Project and the Surgical Care Improvement Project (SCIP) to focus on patient outcomes after surgery. The SIP Project began in 2002 with the goal of decreasing morbidity and death associated with postoperative SSI. The project measures included appropriate selection of prophylactic antibiotics, administration of antibiotics within 1 hour before incision, and discontinuation of prophylactic antibiotics within 24 hours postoperatively. 7 These 3 measures have since been adopted by The Joint Commission and have been reported on by the Hospital Quality Alliance. 8, 9 SCIP is an expansion of SIP Project efforts to improve patient outcomes postoperatively. It includes not only prevention of SSIs, but also prevention of venous thromboembolism, adverse cardiac events, and urinary and respiratory complications. The original 3 measures in SSI prevention of the SIP Project are included in SCIP measures with the exception of prophylactic antibiotics postoperatively in cardiac surgery, which may be used for up to 48 hours after surgery. Although these 2 national projects make progress in SSI prevention, the additional factors of appropriate dosing, specific timing of dosing based on the drug, and appropriate redosing of prophylactic antibiotics could have an effect on SSI development.
Our institution's standards exceed the SCIP recommendations and are based on 4 principles for antibiotic prophylaxis-antibiotic selection, timing of the dose received before incision, dosing, and redosing. This medication use evaluation measured compliance on the basis of these principles for a subset of patients identified as having SSIs. We aimed to identify factors of antimicrobial SSI prophylaxis that had high incidence of noncompliance compared with the institution's standards in order to focus on potential areas for improvement.
METHODS

Patient Selection
From the internal database of patients who had SSIs, prospectively maintained by the Infection Prevention and Control (IPAC) Subcommittee of the Institutional Clinical Practice Committee, we included patients (inpatient, ambulatory, or short-stay, or a combination) aged 18 years and older who had undergone surgery between January 1, 2009, and June 30, 2010. This known subset of patients provided the opportunity for assessment of antibiotic prophylaxis utilization. Patients included in the IPAC database had an SSI in accordance with the Centers for Disease Control and Prevention criteria after a Type I or Type II surgical procedure. Cases are identified during surveillance of microbiology reports, re-admission diagnoses, surgical listings, consultation with infectious diseases services, and notification by other hospitals. Surgical specialties in the IPAC database for Type I procedures are cardiac, neurosurgery, orthopedics, general, and vascular surgery; specialties for Type II procedures are colorectal, general, gynecology, thoracic, and solid organ (liver, kidney, and pancreas) transplantation. The data of patients undergoing earnose-and-throat, urology, or plastic surgery procedures are not captured in the database prospectively and therefore are not included in this review. Patients were excluded from review if they did not give research authorization consent for chart review. Approximately 90% of surgical patients at this institution consent for chart review.
This retrospective review was approved by The Mayo Clinic Institutional Review Board. Collected data included patient age, height, weight, sex, and body mass index; wound classification (types I-VI); prophylactic antibiotics given (including drug name, dose, and time administered) and repeat doses after incision; incision and closure times; tourniquet inflation and deflation times when applicable; and the infectious isolate if available. Potential missing data led to the assumption that the event or activity did not occur or the medication was not administered. Adherence to institutional practice standards for SSI prophylaxis was then assessed.
Assessment
Compliance with institutional practice standards included meeting the 4 criteria. Antibiotic selection was considered appropriate if the antibiotic combination corresponded with Table 1 or a suitable alternative that had comparable microbial coverage. 5, 7, [10] [11] [12] [13] [14] [15] [16] Antibiotic dosing was evaluated using the doses listed in Table 1 , which were developed on the basis of guideline statements and institutional consensus for weight-based dosing of cephalosporins. 5, 10, 11, 13, 15, 16 Antibiotic timing compliance was met when the medication infusion was started within 1 hour of the incision time and completed before the incision. Exceptions included vancomycin and fluoroquinolones, which should be started between 60 and 120 minutes before the incision, depending on the necessary infusion time. Charting on antibiotic administration included antibiotic start times only. Therefore, infusion completion times were assumed a priori on the basis of start time charted and institutional intravenous administration guidelines. If a tourniquet was to be used in the procedure, the antibiotic infusion must have been complete before tourniquet inflation. Finally, compliance with antibiotic redosing was achieved when, in procedures longer than 3 hours, the same preprocedure antibiotics were given at the appropriate dose and within the time frames specified in Table 2 . The redosing interval is 1 or 2 times the halflife for the specified antibiotic as listed in the package insert. 5, 10, 12, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] For example, for cefazolin used preoperatively for antimicrobial prophylaxis, an additional dose should be administered every 2 to 5 hours intraoperatively until incision closure when the procedure lasts longer than 3 hours. There were 3 potential sources of noncompliance with respect to antibiotic redosing: (1) no redosing when redosing was indicated;
(2) when antibiotics were redosed, the timing was noncompliant; and (3) the dosing of the antibiotic was noncompliant. If multiple repeat doses were given during the course of a procedure, only the initial repeat doses were assessed for appropriateness. Assessment of postoperative duration of antibiotic therapy was not completed because this evaluation was limited to the pre-and intraoperative periods. Descriptive statistical analysis was performed using Microsoft Excel (Microsoft Corp, Redmond, Washington).
RESULTS
Between January 1, 2009, and June 30, 2010, 760 patients who had SSIs were captured in the IPAC database, from a total of 33,447 surgeries evaluated by IPAC at Mayo Clinic in Rochester, Minnesota. This number represents an overall SSI rate of 2.3% within these surgical specialties. Patient demographic characteristics, as well as the number of SSIs by surgical service, are described in Table 3 . The average age of patients who had an SSI during this time was 57.6 years, and men comprised approximately half of the population. Most frequently, SSIs occurred in general surgery and orthopedic surgery; however, these cases represent only 4.4% of the 3,983 general surgery cases and 1.6% of the 10,377 orthopedic surgery cases in this time period. Noncompliance with 1 or more of the 4 elements of antibiotic administration for prophylaxis was 75.4% or 573 of the 760 patients reviewed.
Timing of Antibiotic Administration Prior to Incision
Many antibiotic doses failed both to start within 1 hour before incision (exceptions including fluoroquinolones and vancomycin) and to complete infusing before incision time (Figure 1) . At our institution, cephalosporins are administered by intravenous push over 3 minutes; all other antibiotics assessed are administered as an intravenous piggyback over a longer period. Of the 3 cephalosporins used in antimicrobial prophylaxis in this patient group, there were no cases of noncompliance with timing before incision for cefotaxime and ceftriaxone (14 doses and 1 dose, respectively, observed), and there was 13% noncompliance for cefazolin (79 noncompliant of 609 doses observed). Metronidazole, cefazolin, levofloxacin, and clindamycin comprised 321 (84.5%) of the 380 doses with noncompliant timing before incision. Assessment of antibiotic administration timing compliance in relation to tourniquet inflation showed that only the orthopedic surgery and vascular surgery divisions used tourniquets. The vascular surgery division had no instances of antibiotic timing noncompliance in relation to tourniquet inflation; however, orthopedic surgery had a noncompliance rate of 11.1% (11 of 99 patients with tourniquets).
Antibiotic Selection
Antibiotic selection had the lowest incidence of noncompliance at 10.8%. The kidney and pancreas division demonstrated the highest percentage of noncompliance; however, this division had the fewest procedures assessed in the 18 months (2 noncompliance cases of 5 cases). Thoracic surgery had the next highest percentage of noncompliance in antibiotic selection (12 of 54 cases). The percentage of cases in which no antibiotics were charted was highest in orthopedic surgery, where 7.1% of patients with SSI did not receive antibiotics (12 of 168 patients). Figure 2 shows the surgical specialties included in the top 80% of antibiotic selection noncompliance. Of the 82 cases of antibiotic selection noncompliance, 86.5% occurred in the general, orthopedic, colon and rectal, gynecology, and thoracic surgery divisions.
Antibiotic Dosing
Vancomycin had the greatest incidence of noncompliant dosing, with 16 (55.2%) of the 29 doses not following practice recommendations. Cefazolin followed vancomycin in noncompliance (23.3%, or 142 of 609 doses). Gentamicin, clindamycin, and piperacillin/tazobactam had a low incidence of dosing noncompliance, and all other antibiotics had 0% noncompliance for dosing. Of the total 163 noncompliant doses of antibiotic for SSI prophylaxis, 87.1% (142 doses) were given as cefazolin. Although a large percentage of vancomycin doses were noncompliant, the doses account for only 9.8% of noncompliant antibiotic doses overall.
Antibiotic Redosing
Among the patients with surgical procedures exceeding 3 hours and who received preoperative antibiotics with a half-life of 1 to 2 hours, and therefore who had an indication for antibiotic redosing, 40.8% of patients (180 of 441 patients) did not receive a repeat antibiotic dose. Of patients who did receive repeat antibiotic doses intraoperatively, 34.1% (133 of 390 doses) were not appropriately dosed as per dosing guidelines. Among doses, 14.1% were noncompliant in the timing of redosing administration (55 of 390 doses). Noncompliance with 1 or more of these 3 elements of redosing resulted in an overall noncompliance rate with antibiotic redosing intraoperatively of 45.1% (343 of 760 patients).
DISCUSSION
Many practices surrounding prophylaxis of SSIs are supported by decades of literature. Yet, elements of the antibiotic administration process still have an unknown impact on the success of SSI prophylaxis. On examining the elements required for successful SSI prophylaxis, we found many opportunities for noncompliance. This review showed that overall compliance to the 4 factors of antimicrobial prophylaxis for SSIs was 24.4%. These factors are appropriate antibiotic timing, selection, dosing, and redosing.
The question of optimal timing of prophylactic antibiotics for SSI has been in the medical literature for more than 40 years. 5 A study in 1961 showed that wound contamination with Staphylococcus aureus 
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Volume 48, July-August 2013 was eliminated with the administration of antibiotics before incision. 6 Further research, in 1969, showed a reduced frequency of wound infection with either preoperative or early postoperative antibiotic administration. 25 Stone et al 26 published a study in 1976 that showed a significant reduction in wound infection rates when antibiotics were given preoperatively instead of postoperatively or not at all. The administration of prophylactic antibiotics within the 60 minutes before incision was established in 1989. 27 This practice was further supported in 1992 when a reduced risk of wound infection was found with preoperative antibiotics given within 2 hours of incision. 28 Currently, no consensus exists on completing prophylactic antibiotic infusions before incision. When considering the principle that adequate drug concentrations should be present at the site of potential wound infection for its prevention, some clinicians may argue that adequate concentration may not be achieved with only partial doses administered by the time of incision. The institutional practice standard is that the antibiotic dose should be completed before incision or tourniquet inflation. This standard ensures adequate drug concentrations at the intended site of action prior to incision or before restricting blood flow with the tourniquet. This standard was met in 57.2% of cases reviewed.
Assessment of compliance with antibiotic administration timing found the greatest overall noncompliance for antibiotics when the infusion time was longer than 5 minutes. Despite this overall trend, cefazolin had the second highest incidence of administration timing noncompliance. This degree of noncompliance is likely due to the commonality of cefazolin use, with only 13% of all administered doses being noncompliant. The frequent use of cefazolin would create an expectation that it would have a greater incidence of noncompliance; however, the percentage of doses found to have timing noncompliance is low in comparison with other antibiotics, including metronidazole, fluoroquinolones, clindamycin, and vancomycin.
Quality measures currently in place could be affecting the administration time of antibiotics. For instance, the SCIP measures include administration of prophylactic antibiotics within 1 hour of incision time, yet they do not specify how much of the dose has to be administered before incision. Thus, in accordance with SCIP standards, a dose of antibiotics could be started only 1 minute before incision time and the measure would still be met. Although this administration may meet national quality metrics, it is not optimal practice for preventing SSIs if a guiding principle is optimal concentrations from incision to closure or end of procedure. Greater attention to completion of antibiotic administration before incision or tourniquet inflation may improve the incidence of SSI.
Given that the goal of SSI prophylaxis is to prevent infection of the wound by organisms potentially present at or near the area of incision or manipulation, investigators have theorized that the antibiotic should be dosed to allow adequate levels at the incision site in order to prevent microbial growth. 10 Studies in obese patients receiving antimicrobial prophylaxis for SSI have shown that a 1-g dose of cefazolin consistently had blood and tissue levels lower than the minimum inhibitory concentration for both gram-positive and gram-negative organisms. When this dose was increased to 2 g preoperatively, the incidence of SSI decreased. 11 This finding supports the idea that antibiotics must be dosed appropriately to allow for drug concentrations above the minimum inhibitory concentration for organisms likely present at the site of the procedure from incision through closure.
When examining noncompliance with antibiotic dosing in the present group of patients, we found that dosing according to guidelines or package insert occurred successfully for most antibiotics. Antibiotics commonly found to have noncompliance with dosing were cefazolin, vancomycin, and gentamicin-all antibiotics with recommendations for weight-based dosing. During this study period, standardized dosing for cefazolin in the perioperative period was established at our institution. Emphasis on weight-based dosing had not been accomplished before 2009. Before this implementation, other dosing schemes may have been used, thus causing a higher rate of dosing noncompliance in the use of cefazolin to prevent SSIs. This guideline for weight-based dosing of cefazolin has since been implemented to improve this area of noncompliance.
Gentamicin and vancomycin have unique challenges for accurate weight-based dosing. These 2 medications are dosed on a milligram-per-kilogram basis, which provides greater room for error because the dosing body weight (an additional calculation for many institutions) is needed for aminoglycosides while actual body weight is used for vancomycin. In each of these instances, providers need to calculate a correct dose rather than use a dosing table. Thus, a systematic method with which to more accurately address weightbased dosing of antibiotics is necessary to ensure accuracy of dosing. Current quality measures implemented on a national level do not include attention to accurate dosing or redosing of antibiotics, and, thus, this aspect may be a neglected portion of the treatment bundle required for SSI prophylaxis.
In terms of appropriate antibiotic selection, a number of guidelines recommend prophylactic antibiotics on the basis of surgical site and procedure. [10] [11] [12] [13] [14] [15] [16] Although small variations exist in these guideline documents, the choice of prophylactic antibiotic should accomplish one portion of the goal of preventing SSIs. Our institution's practice standards are intended to include SCIP elements and to cover ''beyond SCIP'' elements.
The divisions of kidney and pancreas surgery and thoracic surgery had the greatest percentage of noncompliance in surgical cases that involved SSIs; however, these cases of noncompliance represent a small percentage of the overall number of cases with antibiotic selection noncompliance. More than 80% of antibiotic selection noncompliance occurs in the thoracic, gynecology, general, orthopedics, and colon and rectal surgery divisions (Figure 2) , and therefore it would be the most prudent to address these areas.
The final factor involved in antibiotic prophylaxis for SSIs is redosing for longer surgical procedures. An analysis of cefazolin concentrations showed that drug concentrations dropped below the target concentrations of free cefazolin approximately 3.5 hours after a single dose of antibiotics preoperatively. 29 A study by Zanetti et al 30 showed reduced risk of SSIs overall in patients who had antibiotics redosed intraoperatively in procedures lasting more than 400 minutes and reduced risk in patients with cardiac surgery procedures exceeding 240 minutes. Ohge et al 31 found that cefazolin concentrations had dropped below 80% of the minimum inhibitory concentration in the adipose tissue and peritoneum for several organisms 3 hours after administration of the preoperative dose, thus recommending redosing at 3 hours. Scher 32 confirmed the benefit of redosing cefazolin after 3 hours when he saw reduced rates of wound infection in patients who received a repeat dose of cefazolin for procedures that exceeded 3 hours compared with patients who received only a preoperative dose. Extrapolation from the published data on cefazolin redosing intraoperatively indicates that antibiotic redosing should occur within 1 or 2 half-lives for the duration of the procedure.
Antibiotic redosing was found to have the greatest overall noncompliance in SSI prophylaxis. The lack of repeat doses of antibiotics being administered was the largest source of noncompliance. This lack could have been due to oversight because of the many other activities occurring in the operating room. Among patients who received repeat antibiotic doses, many did not receive dosing in accordance with practice guidelines or the package insert. Such noncompliance could reflect a lack of understanding in dosing practices for repeat antibiotic dosing. For example, in several instances when a 2-g dose of cefazolin was appropriately given preoperatively, repeat doses of 1 g of cefazolin were given instead of repeating the initial 2-g dose. Finally, because the appropriate time frame for administering repeat doses of antibiotics differs on the basis of the antibiotic half-life, it is important to create a reference guide to improve the means for compliance in this area. This medication use evaluation validated implementation of steps to improve compliance in the 4 areas related to SSI prophylaxis.
It became apparent with this review that despite previous implementation of institutional standards for administration of prophylactic antibiotics for SSIs, full compliance with these 4 elements had not been achieved. Opportunities to simplify administration and integrate the practice standards into clinical work flow were identified.
The institution used this gained knowledge and work flow information to make improvements in compliance with the studied factors. These measures include a procedure-driven prompt in documentation software for antibiotic selection, a reminder from the documentation software in the operating room to redose antibiotics at a specific time, a change in the institutional intravenous administration guidelines to allow for metronidazole infusion over 30 minutes instead of 1 hour, and more specific institutional standardization of cefazolin dosing intraoperatively. Future research will analyze the effects of the implementation of these measures on compliance with institutional practice standards and on SSI rate.
CONCLUSION
Antibiotic prophylaxis is 1 aspect of the multitude of efforts necessary to minimize SSI. This assessment quantified the institution's noncompliance in all 4 elements of antibiotic administration for SSI prophylaxis based on institutional standards. Several opportunities for improved compliance were identified and addressed within the institution. Further research will determine whether these changes will improve noncompliance.
